This paper discusses the contribution of street orientation towards the development of a comfortable microclimate for pedestrians in Bahrain. Increasing walkability is a global agenda to address issues such as a) transportation, b) energy consumption, c) health, and d) air pollution, all of which are topics of the sustainability agenda. Thermal comfort is one of the pre-requisites for walkability. In warm climates, this is a challenging goal.
Introduction
The global trend towards the development of a safe pedestrian infrastructure has been pursued for decades [1] [2] as a way to encourage walkability, as it promotes street livability [3] , local economic vitality [4] , and social interaction [5] . More recently, the pursue to increase pedestrianism has been driven by significant public health concerns due to soaring levels of inactivity across the globe [6] [7] . In response to global goals to reduce inactivity [8] , urban planning policies have focused on increasing walking for transportation [9] [10] [11] [12] , which is leading to a reinvigorated pursue of a connected and attractive network of public space.
Progress in urban climatology and biometeorology in the last decade have created conditions for the development of studies of behavior in the urban context, which shown that outdoor activities are affected by the microclimate [13] [14] . In regions where the weather can severely influence the use of outdoor environments, it is essential to mitigate its effects. This mitigation can be achieved by the manipulation of the microclimate at street level.
Due to their direct exposure to the weather, the manipulation of outdoor microclimates is more limited in scope and depth than that of indoor environments. For this reason, the creation of outdoor environments is challenging, and achieving the maximum mitigation of the climate implies joint planning and design towards that particular goal. To plan and design for particular microclimatic goals, planners and designers need to have baseline information on the effect of design solutions to the microclimate. The main design component with influence on microclimate is the solar orientation of streets. This work measures the country-wise overall practice up to date, establishing a baseline that could serve as a reference point for guiding future development.
Outdoor thermal comfort
Persistent high temperatures due to climate might seem impossible to overcome by passive means. However, the manipulation of the microclimate to increase the thermal comfort outdoors does not imply reducing the summer temperatures to the level of winter ones. Thermal comfort does not depend entirely on the physics of the environment, such as temperature or humidity, but on psychological aspects as well [15] . Preliminary research on outdoor thermal comfort suggested a significant discrepancy between an objective description of the thermal comfort (Predicted Mean Vote (PMV) [16] , based on environmental physics) and the subjective description (Actual Sensation Vote) [17] . The discrepancy lead the authors to conclude that the evaluation of thermal comfort must not be limited to physical indicators but to include physiological and psychological ones [15] relative feeling of comfort is, therefore, to a certain extent, dependent on the larger thermal context. Studies show that even declared indoor comfort depends on the contextual outdoor temperatures. Rupp and colleagues found that participants reported equivalent levels of comfort when exposed to different indoor temperatures, responding to variations in the outdoor temperature, with higher levels of outdoor temperature affording the participants comfort indoors at higher temperatures [18] . The findings strongly suggest a sense of adaptation on the part of the user, which can bridge some magnitude of the shortcomings of passive (design-based) microclimate manipulations.
The literature on urban climatology and biometeorology does not prescribe high nor low thresholds for parameters such as temperature, as cut off points for the use of outdoor environments. Physiological differences between groups seem to have a bearing on temperature preferences and sensitivity [19] [20] [21] [22] . However, these studies have focused on indoor environments and did not include very high temperatures. Nonetheless, it seems likely that some groups are more vulnerable to high temperatures than others. Knowledge of such details would be informative to the design of outdoor environments. While research carried out locally might eventually reveal more precise guidelines for exactly which temperatures outdoor pedestrian areas should aim to deliver, it is an undeniable fact that in warm climates, an influence at the level of the microclimate is desirable.
The urban canyon -street
Climate physics are closely related to latitude, due to the effect that this has on the exposition to solar radiation. The impact of the climate on the microclimate is therefore studied at the regional level. The dulling of properties of the climate, such as temperature, can be achieved through the design of the built environment, namely through the manipulation of direct sun exposure. The systematic study of the impact of design features on the microclimate provides planners and designers with valuable information to make goal-oriented design decisions.
The streets make up for most of the urban public space used by pedestrians. Two properties of street design have been shown to have significant impact on the microclimate: a) street orientation, the relation of the street to the sun path, commonly represented by the cardinal directions; b) aspect-ratio, the proportion between the height of the buildings and the distance between them (width of the street). Such characteristics are at the genesis of any urban design, and, to a certain extent, depend on urban planning, and consequently, make a useful starting point for the investigation of local conditions. Street orientation is of particular interest because it is hardest to change after it has been built, while the ratio can be altered through the redesign of individual buildings.
Due to the geometrical and microclimatic similarities with canyons, urban streets are commonly described as urban canyons, canyons, or street canyons, after [23] . These are important spatial units for the analysis of the energy input, partitioning and output of a structure that is repeated throughout a city [23] . Since the exposure influences the amount of energy input, the study of typical exposures is necessary for a comprehensive documentation of the thermal behavior of each configuration. In the absence of a local study, we use as reference one study completed in Ghadir, Tunisia, at a latitude of 32.40N, 3.80E [24] approximately six degrees of latitude North of Bahrain (26.13°N, 50.35°E). Shading as a design strategy to mitigate extreme heat has been confirmed by [25] and [26] .
While the solar gain of one street contributes to its own overheating, the citywide sum of the thermal gain of individual street canyons contributes to raising the heat of the area, contributing to the urban heat island effect, as described by [27] . The effect results in the city having higher temperatures than surrounding non-urbanized areas. A perverse consequence of this effect is reached when the temperature is raised to a level that leads to the use of active cooling methods such as air conditioners. The motors of such equipment generate heat to produce cool. While the cold air is fed to indoor environments, the hot air is dissipated outdoors, thus contributing to a further increase of the temperature within the canyons.
The Orientation of Street Canyons
Ali-Toudert and Mayer [24] show through numerical analysis of digital modeling of the microclimate of street canyons that the orientation of the canyon significantly shapes thermal gain, thus influencing air temperature at 1.2meters from the ground (the pedestrian domain). The model is based on a typical summer day (1st August) in Ghardia, Algeria, approximately 6° North of Bahrain. The climate is hot and dry (Saharan). The simulation duration is from 7:00 to 20:00. The model had a spatial resolution of one meter horizontally, and two meters vertically. The results report that the highest differences between orientation are felt in the afternoon (around 15:00), and are only significant between 9:00 and 19:00. As the aspect ratio increases, East-West (E-W) streets tend to be warmer than North-South (N-S) streets, due to their longer exposure to solar radiation. Overall, the results show that the most favorable orientation regarding thermal comfort is N-S, and the least comfortable E-W, for their longer periods of exposure to solar radiation. The intermediate orientations Northeast-Southwest (NE-SW), and Northwest-Southeast (NW-SE), present equivalent and intermediate levels of comfort, but are noticeably different from E-W streets [24] by offering lower temperatures and smaller duration of peak exposure.
E-W streets with low aspect ratio present PET patterns with extremely high values for over eight hours per day. Furthermore, the increase of height/width ratio to mitigate heat gain in E-W orientations is extremely limited [24, p.102] . Comparatively, N-S streets with equivalent aspect ratios present lower temperatures in general and a smaller duration of peak temperatures. On streets with an aspect ratio ≥ 2, the peak PET temperature is reduced and only occurs for 2 hours, around noon. Streets with intermediate orientations (NE-SW, NW-SE), present (in equivalent aspect ratios), a compromise between the two main orientations (N-S and E-W), with lower peak temperatures and shorter length of about 4 hours.
Overall, the analysis of the orientation makes sense in isolation only at an aggregate level, as a way to measure the potential to increase comfort at street level in the country's portfolio. The real solar gain highly depends on width to height ratio. At very low ratios (approx. 0.5) the differences in solar gain between orientations are minimal. However, the as the ratio increases, the reduction in solar gain increases significantly in N-S and NE-SW and NW-SE, while it is barely noticeable on E-W streets. Current orientation of segments with an aspect ratio < 2 is a measurement of
the dormant potential to more comfortable streets. For segments with aspect ratio ≥ 2, the orientation reflects the current intake of solar radiation.
According to the results discussed above, the ideal orientation would be to use would be N-S, which is roughly the bearing of the island of Bahrain, and is likely to be naturally frequent. Nonetheless, grids tend to be orthogonal, and therefore, E-W streets, which are the poorest thermal performers, would complement N-S ones. The optimal solution seems likely to be a mix of N-S streets with a grid expanding NE-SW and NW-SE. Furthermore, a crucial feature of a pedestrian network is continuity. A grid with N-S and E-W elements would have its continuity challenged by the lack of thermal comfort in E-W streets, even if these had high aspect ratios. Figure 1 illustrates the four street orientations discussed and the binning factor used to categorize the current network of Bahrain, discussed below. Bahrain, the main island of the archipelago Kingdom of Bahrain, has an area of 572 square kilometers. The island measures 48 kilometers from north to south, and 16 kilometers east to west. The highest point is Jabal al Dukham at 134 meters above the mean sea level. The largest city is the capital Manama, which originally developed around the seaport, lays just above sea level. The climate presents pleasant temperatures during the largest part of the year, with the minimum average low temperature of 14 ℃ Celsius taking place in January. However, from May through September, the temperatures are higher, and in the summer temperatures in the afternoon frequently reaching the high forties. The average temperature for the months of May through September is above 30℃ Celsius (86℉ Fahrenheit), with the average of the minimum temperature during June through September being over 30℃ (86℉ Fahrenheit), as illustrated in Table 1 .
Site Climate
The relative humidity is high throughout the year. The mean daily maximum relative humidity reaches the annual highest value of 88% in January, and the minimum of 77% in June. The mean daily minimum relative humidity reaches a maximum of 57% in January and a minimum of 39% in May and June. The precipitation is irregular and low, with a maximum of approximately 15mm in December and January, and 0mm from June through October (Table 1) .
Methodology
We use the segment map of Bahrain, which is similar to a road-center-line map, except for the fact that it includes pedestrian areas and not only vehicular ones, and it is made exclusively of straight segments, as opposed to including arcs [28] . Therefore such map presents nodes at every change in direction, making it a suitable candidate for the measurement of the orientation of each component of the street (Figure 2) . The maps were drawn on a Geographic Information Systems (GIS) software package, and the azimuth of each street segment measured.
The data was then exported to a statistical analysis package [29] where the analysis is processed and charts created [30] . We quantify each orientation category in two ways: a) the total number of street segments, and b) the total sum of street length. Remove lines with length less than 30 m, as they are not likely to represent formed street canyons. Based on the spatial and temporal variation of the physiologically equivalent temperature PET at 1.2 meters above ground, for the aspect ratio (height/width) 2, as calculated per [24] , we calculate the thermal coefficient of each street orientation (TCSO). The TCSO is calculated by multiplying the time interval of duration of PET over 42℃ (107.6 Fahrenheit) by the maximum temperature reached. The units of the TCSO are hours per degrees Celsius. The TCSO for each orientation are shown in Table 2 .
E3S Web of Conferences
As expected, the TCSO is significantly larger for the E-W orientation. We calculate the current 'cost' of each orientation by multiplying the total street length by the corresponding TCSO. We then simulate two alternative scenarios for the future, when the network is doubled. Figure 3 illustrates the potential impact on the growth of TCSO for the same total street length. Scenario 1 (Future non Regulated) describes a situation that can be expected if no regulation addresses the choice of street orientation. Scenario 2 describes a future where a planning policy determines that no streets should be made with orientation E-W. In this scenario, the other types grow by the same proportion (2.33333). The potential positive effect is noticeable by the lesser increase of TCSO (approximately less 40%) in for the regulated future scenario. The increase in TCSO for double the network length would represent an increase of 200%, to 2637072 Celsius per Hour per Kilometre. The same increase in the length of the network, guided by a policy that would prevent the creation of E-W streets, would increase the TSCO to 2106372 (160%)(see Figure 3) .
Results, Discussion and Conclusion
The analysis is summarised in Figure 2 , which shows that the prevailing orientation of streets in Bahrain is E-W, with 36% of the total number of street segments, and 37% of the total street length. The second prevailing direction is N-S, with 29% of both the number of street segments of total street length. The third prevailing direction is NE-SW with 16% street segments and 17% of total street length. The least frequent direction is NW-SE with 18% street segments and 17% total street length. Cumulatively, the less desired orientations (E-W and N-S) is over represented with 66% of the total number of streets segments and of the total street length; while the desired orientations are under represented with 34%.
In regions with harsh climatic conditions, the manipulation of the microclimate is a crucial element towards creating favourable conditions for the use of outdoor spaces, complementing an appropriate land use mix and infrastructure such as sidewalks and amenities. The cardinal orientation of street canyons is of paramount importance because of its passive role on solar intake, and also its perpetual character. Less permanent features being, for example, aspect ratio, building materials or vegetation.
The results show a clear tendency for streets to follow N-S and E-W orientation, rather than the desired NE-SW and NW-SE. The situation implies that the current situation in Bahrain is neither neutral (equally favouring all orientations), nor towards the desired orientation, but the opposite. This is likely to be due to the oblong shape, and orientation the island itself, the longest axis being a few degrees off north. The tendency to follow the E-W and N-S directions when designing infrastructure aims at shortening the distance between the geographic extremes. However, such concern, though legitimate when considering the largest distances, could be avoided at local scale, in the design of the complementary network, such as within cities and neighbourhoods. Regulating street orientation through policy could significantly decrease the solar gain of street canyons. The aggregate effect of such policy would be a reduction of solar intake of approximately 40%, as illustrated in Figure 3 . with regulated and unregulated street orientation.
Inverting the current balance between orientations would significantly increase the baseline potential for reaching thermal comfort at the street level, thus creating a basic condition for the development of pedestrianism. Such conditions would impact the reliance on motor vehicles for short distances and generate a local distribution network for public transport. As a consequence, motorized traffic should diminish, bringing down air pollution. The population would have more opportunities to walk for transportation, thus increasing levels of physical activity, and therefore decreasing public health problems.
Reaching the maximum potential for thermal street comfort would involve concerted efforts, starting with adoption the desired orientations (NE-SW and NW-SE) as default, followed by other design principles. Further to street design, a strategy for the spatial distribution of land use, could diminish the dependence on longer trips. Furthermore, a marketing campaign to sensitize the population to the benefits of walking would fix an eventual stigma in favour of the use of private transportation.
A limitation of the application of a favourable street orientation is that its effects are only felt on aspects ratios larger than 0.5 [24] , [31] . Therefore, they do not constitute an advantage on residential neighbourhoods with lower aspect ratios, as is the case with houses, unless the buildings are placed right on the street, with small set-backs, no front gardens, and without spacing in-between properties, resembling multi-story housing.
The suggestion that air temperature might be more sensitive to the aspect ratio than to street orientation [24,p.99] , suggests that re-profiling streets towards increasing their aspect ratio (height/width ≥2) could lead to a thermal comfort increase on existing streets. However, the efficiency of aspect ratio on streets with E-W orientation is very limited [24,p.102 ].
Ali-Toudert and Mayer [24] also conclude that, based on their results, air temperature might be more sensitive to the aspect ratio than to street orientation [24,p.99] . This finding suggests that it might be worth studying the potential impact of a policy that regulates the height/width ratio of new streets.
Study Limitations
Due to the lack of better data, the study assumes that the thermal performance of the canyon orientation/ratio in Bahrain (26.13°N, 50.35°E) is similar to that on Ghardaia, Algeria (32.40°N, 3.80°E), which is the, geographically closer, numerical study made [24] . The difference consisting on approximately six degrees of latitude.
A local detailed numerical analysis of the thermal behaviour of street canyons in Bahrain as a function of orientation and aspect ratio, considering local climatic conditions such as temperature, wind and humidity, would make it possible to clearly estimate the impact of street orientation, and its cumulative effect. 
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